ABSTRACT. The aim of this study was to select erect cowpea (Vigna unguiculata L.) genotypes simultaneously for high adaptability, stability, and yield grain in Mato Grosso do Sul, Brazil using mixed models. We conducted six trials of different cowpea genotypes in 2005 and 2006 in Aquidauana, Chapadão do Sul, Dourados, and Primavera do Leste. The experimental design was randomized complete blocks with four replications and 20 genotypes. Genetic parameters were estimated by restricted maximum likelihood/best linear unbiased prediction, and selection was based on the harmonic mean of the relative performance of genetic values method using three strategies: selection based on the predicted breeding value, having considered the performance mean of the genotypes in all environments (no interaction effect); the performance in each environment (with an interaction effect); and the simultaneous selection for grain yield, stability, and adaptability. The MNC99542F-5 and MNC99-537F-4 genotypes could be grown in various environments, as they exhibited high grain yield, adaptability, and stability. The average heritability of the genotypes was moderate to high and the selective accuracy was 82%, indicating an excellent potential for selection.
INTRODUCTION
Cowpea (Vigna unguiculata L. Walp.) is a legume crop that is grown in several regions of the world. In Brazil, the crop is one of the main sources of protein in the diet, and is grown in the Midwest, North, and Northeast regions. Brazil is the third largest cowpea producer, with an area and average production of 1.4 million ha and 514,000 tons, respectively, and an average grain yield of 369 kg/ha (Filho et al., 2011) . However, this yield is low when compared to its productive potential, which in experimental conditions has reached levels higher than 3000 kg/ha of dry beans (Hall, 2012) .
Given the wide range of cowpea cultivation regions, it is necessary to study adaptability and yield stability, because these provide detailed information on the performance of genotypes under different environmental conditions. In general, high grain yield has been used as a criterion for genotype recommendation, which can harm or favor genotypes with specific adaptations to particular environments (Cysne and Pitombeira, 2012) . Therefore, the use of more refined genetic and statistical procedures, such as mixed models, in plant breeding is increasing, because its success arises from the selection of superior individuals based on genetic merit (Pimentel et al., 2014) .
A major limitation in the genetic breeding of plants is the effect of the environment on the phenotype, and environmental and genotypic values overlap. Mixed modeling using restricted maximum likelihood/best linear unbiased prediction (REML/BLUP) is the most efficient method for the selection of superior genotypes (Resende and Duarte, 2007) , because it simultaneously involves the prediction of breeding values and the estimation of variance components (Borges et al., 2009) .
The simultaneous selection for yield, stability, and adaptability using mixed models can be accomplished by the harmonic mean of the relative performance of genetic values (HMRPGV) method (Carbonell et al., 2007; Gonçalves et al., 2014) . This method, which was first proposed by Resende (2004) , is similar to the methods of Annicchiarico (1992) and Lin and Binns (1988) , and allows the simultaneous selection for yield, stability, and adaptability and considers phenotypic effects as random; therefore, it provides genotypic stability and adaptability. Furthermore, it takes into account correlated errors within sites, as well as the stability and adaptability of individuals within progeny. Moreover, it provides breeding values without instability and can be applied in any number of environments. Lastly, it generates results within the range of the trait measured, which can be directly interpreted as breeding values (Verardi et al., 2009; Freitas et al., 2013) . The HMRPGV method has been used in perennial and semi-perennial crops, such as coffee (Pereira et al., 2013; Rodrigues et al., 2013; Carias et al., 2014) , eucalyptus (Rosado et al., 2012) , cashew (Maia et al., 2009) , and passion fruit (Santos et al., 2015a) . Its use in annual crops is still in its early stages, although an increasing number of studies have proved its effectiveness in crops such as cowpea (Torres et al., 2015) and rice (Regitano Neto et al., 2013) .
Studies of adaptability and stability in the cowpea have been conducted using traditional methods that were based on analysis of variance and regression (Almeida et al., 2013; Nunes et al., 2014; Santos et al., 2015b . The use of the HMRPGV method is an advance, because it is based on an analysis of predicted genotypic values using mixed models. Therefore, this study aimed to select erect cowpea genotypes simultaneously for high adaptability, stability, and grain yield in Mato Grosso do Sul, Brazil using mixed models.
MATERIAL AND METHODS
The experiments were conducted in 2005 and 2006 in the municipalities of Aquidauana, Chapadão do Sul, and Dourados (State of Mato Grosso do Sul), and Primavera do Leste (State of Mato Grosso), the edaphoclimatic characteristics of which are presented in Table 1 . We used a randomized complete blocks design with 20 treatments and four replications. The experimental unit consisted of four 5-m rows, with 0.5 m between rows and 0.25 m between plants within each row. In each experimental unit, grain yield was evaluated in two central rows, corrected to 13% moisture, and transformed to kg/ha. The treatments consisted of 20 cowpea genotypes (MNC99-537F-1, MNC99-537F-4, MNC99-541-F5, MNC99-541-F8, IT93K-93-10, Pretinho, Fradinho-2, MNC99-519D-1-1-5, MNC00-544D-10-1-2-2, MNC00-544D-14-1-2-2, MNC00-553D-8-1-2-2, MNC00-553D-8-1-2-3, MNC00-561G-6, EV X 63-10E, MNC99542F-5, EV X 91-2E-2, MNC99-557F-2, BRS-Guariba, Patativa, and Vita-7) from the cowpea genetic breeding program of Embrapa Meio-Norte. Therefore, genotypic effects were considered random according to Resende and Duarte (2007) , who recommended treating genotypic effects as random when the number of treatments is equal to or greater than 10.
For assessing genetic x environmental interaction effects, we used 54 statistical models in the Selegen-REML/BLUP program ) that corresponded to y = Xb + Zg + Wc + e, wherein y, b, g, and c correspond, respectively, to the fixed effects of data vectors (means of blocks by environment), genotype effects (random), genotype x environment interaction effects (random), and random errors; and X, Z, and W are incidence matrices for b, g, and c, respectively. The assumed distributions and structures of the means (E) and variances (Var) were obtained by Equations 1 and 2, respectively: Genetics and Molecular Research 15 (2): gmr.15028272
The model fit was obtained from Equation 3:
Var c = 0 Iσ 0
Where l 1 and l 2 were, respectively: corresponds to broad-sense individual heritability in the block and was defined by:
and c 2 corresponds to the coefficient of determination of genotype x environment interaction effects, being defined by: where n is the number of locations in which genotype I was evaluated and Vg ij is the genotypic value of genotype i in environment j, which was expressed as a proportion of the mean of that environment.
RESULTS AND DISCUSSION
The coefficient of experimental variation (CV e ) was 26.88% (Table 2) , which is similar to that found in previous studies on the cowpea (Almeida et al., 2012; Santos et al., 2014a,b; Torres et al., 2015; Barroso et al., 2016) . Because it was grain yield this value was expected, since this trait was significantly influenced by the soil and climatic features of each environment (Table  1) . In contrast, high coefficient of genotypic variation (CV g ) values indicated that a significant proportion of the total variance was based on genotypic effects ( 2 g σ ) and not phenotypic variance ( 2 f σ ). The joint analysis of CV g and CV e is given in the statistic, ĝ g r (Resende and Duarte, 2007) . The accuracy obtained (74%) indicates experimental quality, and therefore security and credibility in the selection of superior genotypes for grain yield. The average heritability of genotypes ( ) is based on the averages of the blocks as criteria for evaluation and/or selection (Resende, 2004) . Therefore, in view of the value obtained (0.54), the selection of cowpea genotypes based on their predicted genotypic values was reliable. In estimating broad-sense individual heritability ( 2 g ĥ ) we considered the total genetic dispersion, because we aimed to investigate all of the genetic variance between the cowpea genotypes. ó ). This generated low genotypic variation that was equivalent to 12.98% of the overall average and 10.75% of the total phenotypic variability, which was represented by the heritability of the individual plot ( 2 g ĥ ). Similar results were obtained by Maia et al. (2009) and Rosado et al. (2012) when they estimated genetic parameters by REML/BLUP in cashew and eucalyptus clones, respectively.
Due to the greater or lesser degree of adaptability/genetic stability of individuals, the variance of the genotype x environment interaction ( 2 g σ 2 c ó ) can inflate the phenotypic expression of a trait (Bastos et al., 2007) . This measure estimates the proportion of the total variation accounted for by variation in the genotype x environment interaction. Low values of 2 g σ 2 c ó indicate that the interaction has little influence on the phenotypic value (Maia et al., 2009) . Therefore, a genotype that produces a high yield in one environment would tend to maintain the same level in different environments, because the genotype responds favorably to environmental effects (high correlation between genotypic values through environments), in addition to having high predictability of environmental variations. The 2 g σ 2 c ó value was moderate, and was equivalent to 43.18% of the total phenotypic variation. This value was high compared to that of 2 g ĥ (0.11), resulting in a low phenotypic correlation ( gloc r ) in all of the environments. This reflects the importance of evaluating the adaptability and stability of upright cowpea genotypes, in order to provide accurate information to producers in Mato Grosso do Sul.
chosen by genetic means free of the interaction criterion ( i ĝ μ  ) were MNC99-542F-5 and MNC99-537F-4. This indicates that these genotypes had high adaptive synergism in the four environments analyzed and exhibited good predictability, i.e., the yield was maintained in different environments. These results are similar to those obtained by Maia et al. (2009) and Regitano Neto et al. (2013) , who verified yield maintenance in the ordering of cashew clones and rice genotypes by the genotypic values of the annual average ( i ĝ μ  ), HMGV, RPGV, and HMRPGV. They attributed their results to genotypic correlation through the local ( gloc r ), which was positive and of a similar magnitude to that found in this study. The genotypes MNC99-542F-5 and MNC99-537F-4 can be grown in various environments, as they exhibit high grain yield, adaptability, and stability. There was agreement between i ĝ μ  , HMGV, and RPGV in identifying the most productive genotypes with high adaptability and stability, indicating that they can be used as selection criteria in cowpea breeding programs.
